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Abstract 
A simple molecular modeling method for the characterization of polymeric drug carriers is presented. Six 
biodegradable polymers have been investigated as drug carriers using molecular simulations: L-polylactide, D-
polylactide, chitosan, polyglycolic acid, polyethylene glycol and cellulose. Cyclosporine A has been chosen as a 
model drug substance. Classical molecular dynamics and docking calculations were employed to model and 
predict polymer-drug interactions. These interactions have been analyzed by non-bond interaction energy and 
interaction parameter calculated using Flory-Huggins theory. Flexibility of polymer chains has been 
characterized by the change of gyration radius along the molecular dynamics trajectory. The relationship 
between mixing energy, chain length and chain flexibility has been revealed for each polymer/drug system.  
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1. Introduction 
 
Design of new pharmaceutical forms with existing drug molecules is motivated by the requirements of better 
bioavailability, targeted transport, selective and long lasting effect, etc. Common requirements for drug carriers 
are: zero toxicity, biodegradability and drug-carrier binding suitable for a given purpose (i.e. guarantee of 
targeted drug release). Biodegradable polymers, which are good candidates fulfilling the first two conditions, 
have been intensively studied during recent years (Hans and Lowman, 2002; Soppimath et al., 2001; 
Andreopoulos and Tarantili, 2002), especially as carriers for cancerostatics (Ulbrich et al., 2001), renal 
(Okamoto et al., 2004), long circulating (Torchilin and Trubetskoy, 1995), and pH sensitive drugs (Win et al., 
2003), and for bone tissue engineering applications (Sabir et al., 2009). Successful drug delivery is based on 
special properties of drug carriers tailored for a given biological target.  
An important part of pharmaceutical research is nowadays the computer molecular modeling (Bourassa et al., 
2011; Patel et al., 2010; Fuhrmans and Marrink, 2011; Long et al., 2006). Increasing computing power enables to 
examine the behavior of drug carriers more precisely giving useful information to technologists and reducing the 
number of preliminary experimental tests. The advantage is that the computer models allows us to exclude the 
evidently improper compositions and researches can focus only on promising compositions.  
Following the aim of previous work, i.e. the energy and structure characterisation of gel-based emulsions 
(Tokarský et al., 2011), we started to develop a similarly simple and fast method for the energy and structure 
characterization of drug formulation based on non-bond interaction between pharmacologically active molecule 
and biodegradable polymeric carriers. 
Six biodegradable polymers (L-polylactide, D-polylactide, chitosan, polyglycolic acid, polyethylene glycol, 
cellulose) and cyclosporine A have been chosen as model carriers and model drug, respectively.  
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In this paper we pay attention to the three main characteristics. (1) Mutual miscibility between polymer and drug 
molecule. (2) Non-bond intermolecular polymer-drug interaction energy, characterizing the cohesive force 
between polymer chain and drug molecule. (3) Flexibility of polymer chain in order to characterize the ability to 
coat and protect the drug molecule for the sake of long circulation. All calculations (i.e. molecular dynamics and 
docking calculations) were performed using empirical force field and Flory-Huggins theory, as implemented in 
the Materials Studio modeling environment.  
 
2. Materials and methods 
 
2.1. Preparation of the initial models 
Six polymer chains have been chosen for present study: L-polylactide (L-PLA), D-polylactide (D-PLA), chitosan 
(Ch), polyglycolic acid (PGA), polyethylene glycol (PEG) and cellulose (Ce). Initial models of polymer chains 
have been built in Polymer builder module in Materials Studio modeling environment (MS). Taking into account 
that in most cases there are several options how monomers can be connected to one another (i.e. sometimes more 
than one C-H bonds are available), all options have been considered during the preparation process. One option 
for L-PLA, D-PLA, and PGA, two options for Ce, and three options for Ch and PEG. Options were distinguished 
by small letters (Table 1). Each monomer-monomer connection led to a different twisting of initial model of 
polymer chain. One example can be seen in Fig. 1 where all three options for PEG are shown. 
 
Table 1  
Basic characteristics of selected polymer chains. Because of various number of monomers in each chain, the 
potential energy EP per one atom is presented. 
_________________________________________________________________________________________ 
                                       short chain                                medium chain                                 long chain 
                    _______________________________________________________________________________ 
polymer       number of      length         EP      number of      length        EP         number of     length        EP 
                    monomers       [nm]         [kJ]         monomers      [nm]         [kJ]        monomers     [nm]        [kJ] 
_________________________________________________________________________________________ 
 
L-PLA                44              6.8           6.95              88             13.6         7.10             132            20.4       7.43 
D-PLA              25              6.9          10.94             50             13.7        10.92            75              20.5     10.92 
Ch (a)                 9                6.8          -1.70              18             13.5        -2.47             27             20.2      -2.20 
Ch (b)                 11              6.9          -2.33              22             13.7        -2.65             33             20.5      -2.72 
Ch (c)              15              6.6          -2.75              31             13.5        -3.15             47             20.5      -3.65 
PGA                   25              6.8          11.47              50             13.7        11.73            75             20.5      11.69 
PEG (a)              18              6.8          -2.38              36             13.5        -2.12             54             20.2      -2,12 
PEG (b)              25             6.6           -2.22              51             13.5        -2.30             77             20.3      -2.32 
PEG (c)              25             6.6           -2.22              51             13.5        -2.30             77             20.3      -2.32 
Ce (a)                 9               6.6            2.49              18              13.2         2.07             27             20.4      2.01 
Ce (b)                 11             6.7            1.69              22              13.4        1.98              34             20.1      1.65 
________________________________________________________________________________________ 
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Fig. 1. Three different options for PEG-PEG connection are distinguished by letters (a), (b) and (c). Each 
connection led to the different twisting of prepared PEG chain. PEG(b) is right handed helix, PEG(c) is left 
handed helix. 
 
Moreover, three different chain lengths for each polymer have been examined. These lengths were chosen so that 
the chain could create one, two and three loops around the CsA molecule. Chain lengths (denoted as “short” for 
one loop, “medium” for two loops and “long” for three loops) are summarized in the Table 1. It must be noted 
that due to the twisting of chains the medium and long lengths are not always the twice or triple the short length 
(see Table 1). Lengths were determined as the shortest distance between the first and the last carbon atom in 
chain.  
In the first step all the models of polymer chains, treated as non-periodic structures, were optimized. Potential 
energies EP of all initial models are listed in Table 1. Because of various numbers of monomers in each chain, 
the potential energy EP per one atom is presented. The monomer-monomer connectivity options leading to the 
lowest potential energy were selected for each polymer and each chain length. Table 1 shows that if a given 
option (i.e. monomer-monomer connection) lead to the lower potential energy than other options, then this is the 
same for all three chain lengths. For example, the potential energy of Ch(c) is lower then potential energy of 
Ch(b) or Ch(a) for all three lengths, etc. However, PEG is an exception. While the short chain of PEG(a) exhibits 
lower energy than the short chain of PEG(b) or PEG(c), the potential energy of medium and long chain of 
PEG(a) is higher than energy of medium and long chain of PEG(b) or PEG(c). In order to make a proper 
selection, three additional models of PEG(a), PEG(b) and PEG(c) chains (each containing 100 monomers) have 
been built and optimized. Based on the potential energies per one atom (PEG(a) = -2.38 kJ,  PEG(b) = -2.33 kJ, 
PEG(c) = -2.33 kJ) the PEG(a) was finally selected.  
Only selected polymer chains (i.e. L-PLA, D-PLA, Ch(c), PGA, PEG(a), Ce(b)) were used in further study and 
in further text will be referred to only as L-PLA, D-PLA, Ch, PGA, PEG, and Ce, respectively. 
Optimized structures of the short polymer chains exhibiting the lowest potential energy are displayed in Fig. 2.  
Structure of CsA molecule has been obtained from Cambridge Structural Database (CSD_CIF_DEKSAN, 
C62 H111 N11 O12). Model of CsA molecule treated as a non-periodic structure was optimized in the same way 
as models of polymer chains. Structure of optimized CsA molecule is in Fig. 3b.  
Selected polymer chains were used in docking calculation procedure. Based on the analysis of the docking 
calculation results, the polymer chains with medium length have been chosen for the molecular dynamics 
calculations and subsequent final geometry optimization. 
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For the dynamics calculations new initial polymer/CsA models containing one polymer chain of medium length 
and one CsA molecule were built. Dynamic calculations have been carried out under periodic boundary 
conditions. Structure in the last frame of the dynamics trajectory was finally optimized in order to obtain the 
final polymer/CsA model from which the energy characteristics have been calculated. 
 
Fig. 2. From left to right: monomer unit, top view and side view on the optimized structures of short polymeric 
chains. The structures of monomer units are displayed without hydrogens with exception of those representing 
the head (H) and the tail (T). a) L-polylactide, b) D-polylactide, c) chitosan, d) polyglycolic acid, e) polyethylene 
glycol, f) cellulose. C-grey, H-white, O-red, N-blue. 
 
 
Fig. 3. Structural formula (a) and optimized atomistic model (b) of the CsA. C-grey, H-white, O-red, N-blue. 
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2.2. Modeling conditions 
 
2.2.1. Preliminary geometry optimization 
All prepared models of polymer chains and the model of CsA molecule were optimized in MS Forcite module 
using PCFF force field (Maple et al., 1988). Smart algorithm (cascade of steepest descent, conjugate gradient 
and quasi-Newton methods) with 50000 steps has been used for geometry optimization. The convergence 
tresholds for the maximum energy and maximum force changes were 4.187·10-4 kJ/mol and 20.935·10-2 
kJ/mol/nm, respectively. Atomic charges have been assigned by PCFF force field. 
 
2.2.2. Docking calculations 
In order to estimate the polymer-CsA miscibility, the mutual polymer-CsA pair interactions have been 
investigated using docking calculations based on the Flory-Huggins theory (Flory, 1995) as implemented in MS 
Blends module.  Docking calculations were carried out for all three lenghts of polymer chains. CsA molecule, 
treated as a base, was fixed during the calculation and given polymer chain, treated as a screen, takes various 
orientations against it. One million pair configurations was generated for each polymer-CsA pair during the 
calculation and from resulting binding energies the mixing energy Emix (see Eq.(1)) and subsequently the 
interaction parameter χ (see Eq.(2)) was calculated. For the calculation of the coordination number Z (see Eq.(1)) 
10000 cluster samples and 20 iterations per cluster were used. 
 
2.2.3. Molecular dynamics 
Initial models containing one polymer chain (medium length) and one CsA molecule were prepared under the 
periodic boundary conditions. NPT dynamics has been used with Nose thermostat (Nosé, 1984) at T = 298 K and 
Berendsen barostat (Berendsen et al., 1984) at atmospheric pressure p = 101.325 kPa. Length of dynamic 
trajectory 1.5 ns was found as sufficient for the system equilibration.  
 
2.2.4. Final geometry optimization 
For each polymer/CsA model, the structure in the last frame of the dynamics trajectory was optimized after the 
dynamics run. This final geometry optimization was realized under the same conditions as the preliminary 
geometry optimization. Pressure was the same as for molecular dynamics calculations. The unit cell in periodic 
structure has been treated without any constraints. 
 
2.3. Energy and structure characterization 
The mixing energy Emix representing the difference in free energy between the mixture and the sum of pure state 
energy of both components (base and screen) is calculated using following equation  
 ssbbsbbsmix EEEEZE 
2
1
                                         (1) 
where Z is the coordination number, Ebs and Esb is the binding energy between base and screen molecules, Ebb 
and Ess are the binding energies between two base and two screen molecules in pure components. As the pair 
interactions Ebb and Ess are negative in the in equilibrium state, the sign of Emix depends on the mutual ratio of 
absolute values Ebs, Esb, Ebb and Ess, that means in ideal case for a high miscibility the value of Emix is negative. 
Flory-Huggins interaction parameter χ describing the mutual polymer-CsA interaction is defined as 
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TR
Emix

                                                                     (2) 
where R and T is the molar gas constant (kg·m2·K-1·s-2) and the temperature (K), respectively. The lower value of 
χ the higher mutual compatibility (i.e. miscibility) of given components (Flory, 1995). More information about 
implementation of the Flory-Huggins theory into MS Blends module can be found in our previous work 
(Tokarský et al., 2011). 
While the Emix and  characterize the polymer-CsA miscibility, the interaction energy in polymer/CsA system 
was calculated as non-bond intermolecular interaction energy Eint between polymer and CsA using equation 
   )()(/int CsAEpolymerECsApolymerEE tottottot                             (3) 
where Etot(polymer/CsA) is the total potential energy of polymer/CsA system, Etot(polymer) is the total potential 
energy of polymer chain and Etot(CsA) is the total potential energy of CsA molecule. The calculation has been 
carried out for the models after the final geometry optimization.   
Flexibility of polymer chains belongs to parameters, which affects the thermal and mechanical behavior 
(Repáková et al., 2004). Supposing the effect of chain flexibility on the polymer-CsA miscibility we calculated 
the radius of gyration for the polymer chain in the polymer/CsA system at the beginning of dynamic trajectory 
(Rg0) and at the end dynamic trajectory (Rg) before the final geometry optimization. The ratio Rg/Rg0 has been 
used as a parameter characterizing the chain flexibility.  
The radius of gyration of the polymer chain in the polymer/CsA system has been computed using the following 
formula  
MIRg /                                                                 (4) 
where I is the moment of inertia and M is the total mass of all atoms in the whole polymer/CsA system. 
 
3. Results and discussion 
 
3.1. Pair interactions 
Results of docking calculations, i.e. the values of Flory-Huggins parameter  calculated for the six polymers 
(each of the three chain lengths) with CsA using Eq.(1), and the flexibility of polymer chain in the presence of 
CsA molecule (expressed as the ratio of radii of gyration Rg/Rg0 of the polymer chain in the polymer/CsA system 
in the beginning and at the end of the dynamics run) are summarized in the first five columns of Table 2. Table 2 
and Fig. 4a illustrates how the miscibility falls (i.e. the  parameter increases) with increasing chain length for all 
the investigated polymers. There is only one exception from that rule, i.e. Ch, where the miscibility for long 
chain slightly decreases. The Ch chain (Fig. 2c) exhibits the lowest flexibility which means the highest Rg/Rg0 
value, as one can see in Table 2. Ce (Fig. 2f) is the second polymer exhibiting good miscibility with CsA 
molecule. This polymer has also very low flexibility (see the Rg/Rg0 value for Ce in Table 2). Therefore, it can be 
concluded that these rigid chains with high value of Rg/Rg0 exhibit only small change of miscibility with 
increasing chain length, as it is evident comparing the Rg/Rg0 and Δχ values in the Table 2.  
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Table 2   
First four columns contain the results of docking calculation, i.e.  parameters for three chain lengths together 
with the difference  = (long) - (short). Fifth column shows the flexibility of polymer chain in presence of 
CsA molecule (Rg/Rg0). Polymer-CsA non-bond interaction energies Eint and the numbers of hydrogen bonds (H 
bonds) between the polymer and CsA molecule can be found in the sixth and seventh column, respectively.  
 
______________________________________________________________________________________ 
                                                                                                        Eint          number of polymer-CsA 
polymer     (short)    (medium)      (long)      (long-short)    Rg/Rg0       [kJ/mol]                  H bonds 
______________________________________________________________________________________ 
 
L-PLA      53.8         103.6 148.6       94.9          0.294        -801.98                     0 
D-PLA      29.1         169.2 242.7     213.6          0.234        -749.86                     0 
Ch      11.5           43.7   36.1       24.6          0.440        -957.61                     7 
PGA      66.7         219.0 276.1     209.4          0.225        -828.69                     2 
PEG      40.1         206.9 286.4     246.3          0.298        -723.35                     0 
Ce        0.2           17.7   72.4       72.2          0.315        -935.26                     9 
______________________________________________________________________________________ 
 
 
 
Fig. 4. a) Mutual polymer-CsA miscibility is characterized by the Flory-Huggins interaction parameter  
calculated for all three lengths of each polymer chain; b) comparison of (medium) parameters and Δχ (i.e. the 
difference (long) - (short)) values. 
 
As one can see in the Table 2 the values of χ for medium chain length and Δχ show the same course for all the 
polymers. This is illustrated in the Fig. 4b.  
For flexible polymers with low Rg/Rg0 values (i.e. L-PLA, D-PLA, PGA and PEG) the value of miscibility for 
medium chain length (χ (medium)) is nearly an average value of miscibilities for short and long chains (i.e. the 
average value of χ (short) and χ (long) from the Table 2). On the other hand, for less flexible polymers Ch and 
Ce with high Rg/Rg0 values, one can see a small difference between the values of χ (short) and χ (long). That 
means, the χ (medium) values exhibit the same trend as Δχ values (Fig. 4b).  Therefore, the results obtained from 
models containing medium chains can be considered as representative for the characterization of chain behavior. 
Consequently, for the molecular dynamics run and subsequent final geometry optimization the models 
containing CsA molecule and polymer with the medium chain length were prepared.  
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3.2. Visual observation of the models 
Docking calculation revealed the best miscibility for Ce/CsA and Ch/CsA. In general, the polymer – drug 
molecule interaction energy is determined by many factors. Nevertheless, focusing an attention to the polymer-
CsA mutual shape complementarity we present in Fig. 5 the lowest interaction energy frames obtained by 
docking calculation in order to visualize the mutual position of polymer and CsA. Comparing the left drawings 
in Figs. 5a-f (default colors of atoms are used) we can conclude, that the lowest value of  parameter of systems 
Ce/CsA and Ch/CsA (Table 2) corresponds to the best polymer-CsA mutual shape complementarity.  
Polymer/CsA models after the final geometry optimization can be seen in the right side of Figs. 5a-f. Because of 
clarity, the polymer chains are green and CsA molecules are blue. One can see that for the above mentioned 
models (i.e. Ch/CsA and Ce/CsA, respectively) the CsA molecule is deeply immersed in the polymer chain 
structure (Figs. 5c, 5f). These polymers Ch and PC exhibit the best miscibility (see χ parameters in Table 2).  
 
 
Fig. 5. The lowest interaction energy frame (left) and optimized structure (right) for each polymer/CsA system. 
Because of clarity the polymer chains are green and CsA molecules are blue in optimized models (right). 
 
3.3. Analysis of the interaction energy polymer-CsA 
Table 2 shows that the Ch/CsA and Ce/CsA, respectively, exhibiting very low values of Eint, are the most stable 
systems. In order to analyze factors affecting the Eint we summarized all lengths of all hydrogen bonds between 
polymer and CsA in optimized polymer/CsA models as well as all functional groups involved in these hydrogen 
bonds. Results are listed in the Table 3. Comparing the columns in Table 2 one can see that the highest adhesion 
(i.e. lowest Eint) for Ch/CsA and Ce/CsA corresponds to the highest number of functional groups and highest 
miscibility. On the other hand the lowest adhesion (i.e. highest Eint) has been found for PEG/CsA. As we can see 
in the Table 2, this system exhibits the worst miscibility for the long chain and the highest value of  
accompanied with the high flexibility, zero number of hydrogen bonds and lack of shape complementarity (Fig. 
5e, where the degree of CsA immersion into polymer structure is very low).  
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Table 3  
Lengths of polymer-CsA hydrogen bonds and involved functional groups. 
__________________________________________________________ 
polymer  functional groups  length of hydrogen bond 
(polymer ... CsA)  [nm] 
__________________________________________________________ 
L-PLA               –       – 
D-PLA                –      – 
Ch     –O–H ... O=C=    0.172 
    –O–H ... O=C=   0.176 
    –O–H ... O=C=   0.174 
    –O–H ... O=C=   0.244 
    –O–H ... O=C=   0.180 
    –O–H ... O=C=   0.193 
     =N–H ... O=C=   0.184 
PGA    =C=O ... H–N=   0.193 
    =C=O ... H–O–   0.218 
PEG               –       – 
Ce    –O–H ... O=C=   0.182 
    –O–H ... O=C=   0.196 
    –O–H ... O=C=   0.211 
    –O–H ... O=C=   0.166 
    –O–H ... O=C=   0.215 
    –O–H ... O=C=   0.180 
    –O–H ... O=C=   0.248 
    –O–H ... N–H   0.232 
      H–O ... H–N=   0.244 
__________________________________________________________ 
 
Table 3 shows that carbonyl group from CsA molecule is mainly involved in hydrogen bonds and plays much 
more important role than amine groups. Although there are 11 carbonyl groups and 4 amine groups in CsA 
molecule, the carbonyl groups created hydrogen bonds with polymers 23 times but amine groups only 4 times. 
This can be explained by the better accessibility of carbonyl groups which are pointed out from the CsA 
molecule while amine groups are hidden inside. Moreover, CsA molecule contains only one hydroxyl group. But 
because of its good accessibility due to the location in the side chain, this hydroxyl group is involved in 3 
hydrogen bonds, i.e. nearly the same number as for amine groups. 
In order to present the correlations between the three main parameters Eint, Rg/Rg0 and χ in the simplest form, we 
put these important values from Table 3 into one chart (see Fig. 6). It must be noted that Eint are displayed in 
absolute values and Rg/Rg0 ratios are multiplied by 1000. Therefore, the y axis in Fig. 6 has no physical sense 
because the numbers represent not only the absolute value of energy in kJ/mol but also the 1000·Rg/Rg0 and χ 
(dimensionless numbers).  
Our characterization method revealed Ch and Ce to be very promising drug carriers and there are many 
experimental confirmations of this fact, that means Ch and CE are most frequently used drug carriers (Remuňán-
López et al., 1998; De Campos et al., 2001; Yang and Hon, 2009; Wilson et al., 2010; etc.). On the other hand, 
PEG seems to be not very suitable for this purpose. This is also in good agreement with experimental works 
reported in the literature. The confirmation of low interaction energy and bad miscibility of PEG can be found in 
Tajiri et al. (2010) where the release mechanism of drug from polymer matrices containing polyethylene oxide 
and PEG in various weight ratios was studied. The higher the concentration of PEG, the faster the drug released. 
The similar observation can be found in Matsumoto et al. (1999), where the amount of drug released from PLA-
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PEG-PLA copolymer was greater with the higher PEG content, and in Gref et al. (2001), where the PLA-PEG 
copolymer enables easier CsA release than PLA homopolymer. Our results also show that PLA and PGA exhibit 
very similar energetical and structural characteristics with the values between those of PEG and Ch. This 
similarity is in quite good agreement with the fact that PLA and PGA are commonly used as their co-polymers 
poly(lactide-co-glycolide) (Hans and Lowman, 2002; Fredenberg et al., 2011). Moreover, Lee et al. (2002) 
showed that in the case of PGA/PLGA nanoparticles the CsA release rates are very similar irrespective of 
polymer compositions (i.e. not dependent on the ratio of PLA and PGA in the PLGA copolymer). 
 
 
Fig. 6. Absolute values of interaction energies, flexibilities of polymer chains (expressed as Rg/Rg0 ratio 
multiplied by 1000) and interaction parameters χ are displayed for all polymer/CsA systems. 
 
4. Conclusions 
 
Present work was devoted to the development of simple computer aided method for preliminary characterization 
of polymeric drug carriers. For that purpose we have chosen six biodegradable polymers with three different 
chain lengths as a model carriers and CsA as a model drug. In order to characterize the suitability of a given 
polymer chain for non-bond anchoring of CsA molecule we investigated four following parameters: (1) polymer-
CsA miscibility using Flory-Huggins χ parameter, (2) flexibility of polymer chain characterized by means of 
gyration radii, (3) non-bond interaction energy between polymer and CsA and (4) number of hydrogen bonds 
between polymer and CsA for optimized geometry of polymer/CsA model. Results of molecular modeling using 
empirical force field showed that the polymer-drug interaction energy is a result of mutual cooperation of all the 
factors mentioned above, like:  miscibility, flexibility, mutual shape complementarity and chemical 
complementarity (number of functional groups on polymer and drug molecule). 
Results can be summarized as follows: (1) Miscibility is dependent on chain length and this dependence is more 
noticeable for flexible chains. (2) The best miscibility is strongly correlated with the polymer-drug interaction 
energy and with the number of hydrogen bonds between polymer and drug molecule. (3) Two polymers 
(polycellulose and polychitosan) with the best miscibility and highest polymer-drug adhesion exhibit 
surprisingly high rigidity. The reason is that these polymers are not so strongly coiled and remain much more 
open offering larger surface (and much more accessible functional groups) for interaction with drug molecule.  
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